The gH glycoprotein of varicella-zoster virus (VZV) is a major fusogen. The realigned short cytoplasmic tail of gH (18 amino acids) harbors a functional endocytosis motif (YNKI) that mediates internalization in both VZV-infected and transfected cells (T. J. Pasieka, L. Maresova, and C. Grose, J. Virol. 77: 4194-4202, 2003). During subsequent confocal microscopy studies of endocytosis-deficient gH mutants, we observed that cells transfected with the gH tail mutants exhibited marked fusion. Therefore, we postulated that VZV gH endocytosis served to regulate cell-to-cell fusion. Subsequent analyses of gH؉gL transfection fusion assays by the Kolmogorov-Smirnov statistical test demonstrated that expression of the endocytosis-deficient gH mutants resulted in a statistically significant enhancement of cell-to-cell fusion (P < 0.0001) compared to wild-type gH. On the other hand, coexpression of VZV gE, another endocytosis-competent VZV glycoprotein, was able to temper the fusogenicity of the gH endocytosis mutants by facilitating internalization of the mutant gH protein from the cell surface. When the latter results were similarly analyzed, there was no longer any enhanced fusion by the endocytosis-deficient gH mutant protein. In summary, these studies support a role for gH endocytosis in regulating the cell surface expression of gH and thereby regulating gH-mediated fusion. The data also confirm and extend prior observations of a gE-gH interaction during viral glycoprotein trafficking in a VZV transfection system. Varicella-zoster virus (VZV) is an extremely cell-associated alphaherpesvirus. Unlike many herpesviruses, VZV is not released into the medium overlying cultured cells (15, 50). Instead, the virus spreads through fusion of one infected cell plasma membrane to that of an adjacent cell. Syncytium formation is induced by the expression of fusogenic viral glycoproteins and results in the formation of large polykaryons that can include hundreds of nuclei (19). We have previously documented cell-to-cell fusion in transfected HeLa cells coexpressing gH and gL (11, 30) . For the related herpes simplex virus type 1 (HSV-1) and HSV-2, syncytium formation requires expression of the quartet gH, gL, gD, and gB (48). Pseudorabies virus and human herpesvirus type 8 fusion require the coexpression of gH, gL, and gB, but not gD (26, 43) . Of further interest, other glycoproteins may further modulate virus induced fusion activity (1).
Varicella-zoster virus (VZV) is an extremely cell-associated alphaherpesvirus. Unlike many herpesviruses, VZV is not released into the medium overlying cultured cells (15, 50) . Instead, the virus spreads through fusion of one infected cell plasma membrane to that of an adjacent cell. Syncytium formation is induced by the expression of fusogenic viral glycoproteins and results in the formation of large polykaryons that can include hundreds of nuclei (19) . We have previously documented cell-to-cell fusion in transfected HeLa cells coexpressing gH and gL (11, 30) . For the related herpes simplex virus type 1 (HSV-1) and HSV-2, syncytium formation requires expression of the quartet gH, gL, gD, and gB (48) . Pseudorabies virus and human herpesvirus type 8 fusion require the coexpression of gH, gL, and gB, but not gD (26, 43) . Of further interest, other glycoproteins may further modulate virus induced fusion activity (1) .
All wild-type strains of VZV are highly fusogenic within human skin cells at the base of the typical vesicular lesions of chickenpox, as well as in cultured cells. Studies conducted in this laboratory over several years have demonstrated that the amount of VZV fusion in cell culture is affected by at least three factors: incubation temperature, cell type, and virus strain (8) . Fusion was found to be more prominent in epidermal cells and neuroectodermally derived human melanoma cells than in fibroblasts. In addition, when the amount of fusion was compared at 37°C versus 33°C, cells incubated at the lower temperature were markedly more fused. Finally, viruses with mutations in the gE ectodomain have altered spread and fusion properties (16, 45) . In order to dissect these fusion parameters, subsequent studies are being conducted with individual viral glycoproteins under transient-transfection conditions.
The major VZV fusogen gH is a type I glycoprotein originally called gp118 and then called gpIII. VZV gH is transported to and inserted within the plasma membrane, where it presumably would remain throughout the infectious cycle. However, in an unexpected finding, VZV gH was recently demonstrated to undergo endocytosis in both VZV-infected and gH ϩgL-transfected cells via a tyrosine-based endocytosis signal (42) . The YNKI motif had gone unrecognized because of a misalignment in the length of the endodomain. Given the known fusogenic nature of VZV gH, we postulated that the newly discovered endocytic property of gH may play a role in regulating cell surface expression of gH.
We describe here significantly increased levels of cell-to-cell fusion when the gH endocytosis mutants are expressed in a transfection system and compared to the wild-type gH glycoprotein. Further, VZV gE is shown to temper cell-to-cell fusion and cell surface expression of the gH endocytosis mutants through coendocytosis of a gE:gH complex. From these data, we propose that endocytosis of VZV gH regulates the levels of cell-to-cell fusion by controlling the cell surface density of the fusogenic gH protein. Given that syncytium formation is such a prominent feature of in vivo infection, endocytosis of VZV gH may be a mechanism by which the virus can modulate this property.
MATERIALS AND METHODS
Cells, plasmids, and viruses. HeLa cells (ATCC CCL-2) were maintained as previously reported (52) . For individual or combined glycoprotein expression in HeLa cells, a T7-driven vector pTM1 was utilized. Vaccinia virus expressing the T7 polymerase (VV-T7) was obtained from the Bernard Moss laboratory (36) .
Construction of pTM1 vectors has been previously described: pTM1-gE (52), pTM1-gE-tailless (53), pTM1-gB (29) , pTM1-gH and pTM1-gL (11, 13) , pTM1-gL.13 (45) , and pTM1-gH-Y835A and pTM1-gH-S830stop (42) .
Antibodies and fluoroprobes. Murine monoclonal antibody (MAb) 258 detects both immature and mature glycosylated VZV gH (10, 11) . Murine MAb 206 recognizes only a conformation-dependent epitope on the fully mature form of gH (35) . Human MAb V3 (also called Ti-57) is directed against a conformational epitope on mature gH, whereas human MAb V1 recognizes gB (47, 54) . Murine MAb 3B3 binds to a well-characterized linear epitope in the ectodomain of gE (17, 20, 45) . Murine MAb 158 is directed against gB (34) . One additional murine MAb to gH was purchased from Biodesign, Saco, Maine. Fluoroconjugated goat anti-human Alexa 488, goat anti-mouse Texas Red-X, and goat anti-mouse Alexa 488 were the secondary reagents for confocal analysis of VZV glycoproteins (Molecular Probes, Eugene, Oreg.).
Transfection protocols. For transfection with the T7-driven pTM1 vector, HeLa cells were first infected with VV-T7 (36) . The cells were subsequently transfected with 3 g of each glycoprotein vector with the FuGENE-6 transfection reagent according to the kit protocol (Roche, Indianapolis, Ind.). Monolayers transfected with pTM1 were processed 18 h posttransfection.
Steady-state laser scanning confocal microscopy assay. The subcellular location of glycoproteins was investigated with a steady-state confocal microscopy assay (42) . Briefly, transfected cells cultured on glass coverslips were fixed with 2% paraformaldehyde for 60 min. If permeabilization was required, 0.05% Triton X-100 was added during fixation. Samples were incubated with the indicated glycoprotein specific primary antibodies, followed by fluoroconjugated secondary antibodies. Samples were mounted in Mowiol (Calbiochem, San Diego, Calif.) containing 10% 1,4-diazabicyclo(2,2,2)octane on glass slides and viewed with a Zeiss 510 laser scanning confocal microscope (Carl Zeiss, Gottingen, Germany). In the examination of gH cytoplasmic and surface expression, to ensure that each sample received similar transfection and processing treatments, the cells were cultured on 20-by-20-mm glass coverslips. Before fixation, one transfected coverslip was quartered to give both a permeabilized and a nonpermeabilized sample for individual analysis with MAb 258 and MAb 206.
Antibody-mediated inhibition of fusion. HeLa cells were transfected as specified, and then 40 l of MAb 206 was added to samples at 4 h posttransfection. As controls, no antibody or 40 l of MAb 3B3 was added to similarly transfected cultures. Samples were incubated overnight at 37°C. At 18 h posttransfection, samples were processed for the steady-state endocytosis assay with permeabilization, with MAb 258 and goat anti-mouse Alexa 488 to detect gHϩgL-transfected cells.
Assay of glycoprotein endocytosis by laser scanning confocal microscopy. Investigation of glycoprotein endocytosis was carried out as previously described (42) . Briefly, primary antibodies were added to cold Hanks balanced salt solution for 1 h at 4°C to label surface glycoproteins. After a washing step, samples were returned to 37°C for the specified amounts of time. After fixation and permeabilization, the appropriate secondary antibodies were applied to fluorolabel the internalized glycoprotein within cytoplasmic vesicles.
Area determination of syncytia by point counting method. Images from transfected HeLa cells labeled with MAb 258 and the Alexa 488 fluoroprobe were collected at low magnification (ϫ20). Each transfection condition was repeated three times, and 30 random photos were collected from each condition, giving a total of 90 photos. Generally images were collected from a coverslip by first progressing in a left-to-right pattern and then in a right-to-left pattern until 30 images were obtained. The point counting method (28, 38) was used for area determination of each syncytium examined as previously described (41) . Briefly, a grid containing systematically positioned lattice points on transparency paper was placed over randomly acquired ϫ20 micrographs of transfected cells labeled for gH. Points were counted as positive if the profile area fell within the syncytial perimeter defined by fluorolabeled gH. Only syncytia with four or more points were counted. The accuracy of this method in measuring syncytial area was verified by using the software attached to the confocal microscope (Carl Zeiss LSM510, version 3.2). In our study, one point equaled 225 m 2 . Median syncytium sizes were calculated with Microsoft Excel.
Kolmogorov-Smirnov statistical analysis of syncytial size. The point counting data were analyzed manually with the Kolmogorov-Smirnov test, as recently described (23, 41) . Briefly, the number of syncytia that fell into each user-defined rank size (see Table 1 , tally column) and the cumulative number at each rank (cumulative column) were determined. The cumulative proportion (C proportion column) was determined through division of the cumulative number per rank by the total number of syncytia in a sample set. The maximum absolute difference (D) between the cumulative proportions of two samples was determined and used in the calculation of with the equation ϭ D(mn/m ϩ n) 1/2 , where m and n are the two population sizes for the samples being compared. The cumulative probability (Q) for a given was derived from a table provided by Hollander and Wolfe (23) . Subtraction of the cumulative probability from 1 gave the two-tailed P value for the two compared samples. P values falling below 0.5 indicated that the data failed the normality test; such values were considered significant. The results are shown for three replicate experiments from each transfection condition. For a visual representation of the results, the numbers were plotted with the point values on the x axis and the cumulative percentages on the y axis.
Biotinylation of cell surface gH. Transfected HeLa monolayers were washed three times with cold 10 mM borate buffer (pH 8.8) containing 0.1 M NaCl. To each 35-mm well, 7.5 l of NHS-LC biotin (Pierce, Rockford, Ill.) in 1 ml of borate buffer was added, followed by incubation for 20 min at 4°C. Thereafter, the solution was replaced with an identical fresh solution, and the labeling reaction was continued for 15 min at 4°C. Monolayers were then washed once with cold borate buffer. The biotinylation reaction was stopped by the addition of 10 mM NH 4 Cl solution for 20 min at 4°C. The cells were washed four times with 50 mM Tris-HCl (pH 7.2)-0.1 M NaCl. The labeled monolayers were harvested in radioimmunoprecipitation assay buffer with inhibitors, and immunoprecipitation was performed as specified with either 1 l of MAb V3 or 4 l of MAb 3B3. Samples were subjected to sodium dodecyl sulfate-8% polyacrylamide gel electrophoresis (SDS-8% PAGE) under nonreducing conditions. Immunoprecipitated and biotinylated gH was detected with streptavidin-horseradish peroxidase (HRP) by Western blotting using standard procedures (10, 17) . Films with grayscale bands were analyzed with the Kodak Image Analysis Software (Eastman Kodak Company, Rochester, N.Y.).
RESULTS
Imaging of endocytosis and fusion with two gH endocytosis mutants. VZV gH has fusogenic activities that induce cell-tocell fusion when coexpressed with gL (11, 35, 44) . Further, VZV gH undergoes endocytosis in both VZV-infected and gHϩgL-transfected cells (42) . In our prior study of gH endocytosis, we constructed two gH mutants, gH-Y835A and gHS830stop, both of which are endocytosis deficient (42) . As a control for potential conformational changes due to mutagenesis of the gH cytoplasmic tail, we included a previously constructed gH mutant (gH-basic tail [bt]) (10) . The cytoplasmic tail sequences of the four gH proteins are presented in Table 1 .
To begin, we compared endocytosis in the four gH constructs coexpressed with VZV gL after a 60-min endocytosis time point (Fig. 1A to D) . As previously reported, VZV gH internalized after 60 min at 37°C and accumulated in vesicles in the cytoplasm (Fig. 1A) . In contrast, the gH endocytosis mutants gH-Y835A and gH-S830stop coexpressed with gL did not internalize; thus, they retained a halo pattern of staining ( Fig.  1C and D, respectively). The gH-btϩgL construct underwent endocytosis from the plasma membrane (Fig. 1B) in a characteristic vesicular pattern resembling the results with gH-wild type (wt)ϩgL.
We observed increased levels of cell-to-cell fusion in our analyses of the gH endocytosis mutants. To examine this phenomenon in greater detail, HeLa cells were cotransfected as described above, processed for the steady-state confocal assay, and examined at low magnification to generate landscape im- ages. When coexpressed with gL, gH-wt and gH-bt induced the formation of syncytia ( Fig. 1E and F, respectively) that were visually smaller than those observed with the endocytosis-deficient gH mutants gH-Y835A and gH-S830stop ( Fig. 1G and H, respectively).
To determine whether the sizes of syncytia found in the gH-wtϩgL and gH-btϩgL constructs differed significantly from those found in the gH-Y835AϩgL and gH-S830stopϩgL samples, we analyzed the individual syncytium sizes with the point counting method (41), measuring syncytia from ϫ20 magnification micrographs, similar to those images shown in Fig. 1E to H. Expression of gH-wtϩgL resulted in syncytia with a median area of 1,350 m 2 , whereas gH-btϩgL induced syncytia with a median size of 1,575 m 2 . In contrast, gHY835AϩgL or gH-S830stopϩgL resulted in syncytia with median sizes of 2,250 or 2,025 m 2 , respectively. However, the
Confocal microscopy analysis of gH endocytosis and fusion. HeLa cells were infected with VV-T7 then transfected with gH-wtϩgL (A and E), gH-btϩgL (B and F), gH-Y835AϩgL (C and G), or gH-S830stopϩgL (D and H) and then processed for the confocal endocytosis assay for a 60-min time point (A to D) or the standard confocal assay (E to H). VZV gH was immunolabeled with MAb 258 and goat anti-mouse Alexa 488. Fusion samples (E to H) were examined at a low magnification (ϫ20) to generate landscape images. The bar in panel A is 25 m and applies to panels A to D; the bar in panel E is 50 m and applies to panels E to H. data had a very wide range due to the heterogeneous sizes of syncytia within each sample (for example, Fig. 1H ). As previously shown (41) , this aberrant distribution pattern is not amendable to standard statistical analysis based on determination of averages or means.
Measurement of gH؉gL fusion by the Kolmogorov-Smirnov statistical test. We selected the Kolmogorov-Smirnov test for fusion analysis, because this methodology can analyze two data sets, without any assumption about the distribution of data within each set (41) . To begin a Kolmogorov-Smirnov analysis of the gH fusion data, the point counting data were sorted into size ranks. As displayed in Table 2 , the rank values ranged from 4 to Ͻ5 to 19 to Ͻ20 for the gHϩgL data (range column). Also evident from Table 2 was the distribution of data obtained from point counting of the gHϩgL samples. For example, 100% of the gH-wtϩgL syncytia were 10 points (2,250 m 2 ) or less, whereas, in contrast, only 66% of the gHY835AϩgL were 10 points in size or less.
From the calculations in Table 2 , the maximum absolute difference (D max ) was determined (Table 3 ) by comparing the cumulative proportions between each sample at each rank as listed in Table 2 . D max was the greatest difference between two samples (values in boldface in Table 3 ). For example, the gH-wtϩgL sample differed the most from the gH-Y835AϩgL sample (wt v Y835A) at a rank of 6 to Ͻ7, with a D max of 49.6. Determination of statistical relevance was calculated by using the equation ϭ D(mn/m ϩ n) 1/2 as described in Materials and Methods. The calculations for and Q are listed in Table  3 to illustrate the method of calculation. The analysis documented that the syncytia induced by coexpression of gHwtϩgL were statistically different (P Ͻ 0.0001) from those induced by either gH-Y835AϩgL or gH-S830stopϩgL. Similarly, gH-btϩgL syncytia were also significantly different from either gH-Y835AϩgL or gH-S830stopϩgL (P Ͻ 0.0001). In contrast, syncytia induced by the two endocytosis mutants, gH-Y835AϩgL to gH-S830stopϩgL, which exhibited increased levels of fusion ( Fig. 1) were not significantly different in size from each other (P Ͻ 1.0000). Further, comparison of gH-wtϩgL to gH-btϩgL also revealed an insignificant difference in the size of syncytia (P Ͻ 0.1235).
The results from the Kolmogorov-Smirnov test (Tables 2  and 3 ) are presented graphically in Fig. 2 , in a plot with the cumulative percentage of syncytia (y axis) that fell within a specific range of point values (x axis). The sizes of syncytia The range column specifies the user-defined ranges of point values used to rank syncytia based on size, with the "4-Ͻ5" range being interpreted as "at least 4 points in size but less than 5." Tally indicates the number of syncytia that fell within the specified range. The cumulative column indicates the cumulative number of syncytia at each rank value. The C proportion (cumulative proportion) column gives the cumulative percentage of syncytia that fell into each rank value. induced in the gH-wtϩgL sample (blue line) and the gHbtϩgL (red line) both visibly differed from that of the gHY835AϩgL (green line) and gH-S830stopϩgL (yellow line). In contrast, the gH-wtϩgL sample did not differ from the gHbtϩgL sample, as shown by the overlapping plots for these two samples. Thus, we were able to categorize the four gH constructs into two groups: endocytosis competent with less fusion and endocytosis deficient with increased fusion.
Analysis of gH and gH؉gE cytoplasmic expression. In the absence of the gL protein, wild-type gH is unable to traffic to the surface or induce fusion (10, 11) . However, in transfection studies, gH-bt can travel to the plasma membrane by itself, where it forms patches containing a nonfusogenic form of gH (10) . In another set of transfection experiments, we previously demonstrated that gE could partially replace the gL chaperone function and facilitate the transport of gH through the endo- plasmic reticulum-Golgi (ER/Golgi). However, fully mature gH is never formed; instead, patches of gH appear on the cell surface (11) .
To determine whether the gH endocytosis mutants were endowed with gL-independent properties induced by cytoplasmic tail mutations, an immunolabeling analysis was performed on transfected HeLa cells expressing gH-wtϩgL (Fig. 3A and  B) , gH-wt (Fig. 3C and D) , and gH-Y835A (Fig. 3E and F) . In addition, the effect of gE coexpression was similarly tested on transfected cells expressing gH-wtϩgE ( Fig. 3G and H) or gH-Y835AϩgE (Fig. 3I and J) . VZV gH expression of gH-bt, gH-btϩgE, gH-S830stop, and gH-S830stopϩgE were tested as well (data not shown). The cells were permeabilized and labeled with MAb 258 for detection of immature gH (Fig. 3A, C , E, G, and I) or with MAb 206 to detect mature gH (Fig. 3B, D , F, H, and J).
When coexpressed with gL, gH-wt was found throughout the cytoplasm with both MAb 258 and MAb 206 (Fig. 3A and B , respectively). Furthermore, gHϩgL induced the formation of syncytia. In contrast, in the absence of gL, the levels of cytoplasmic expression of gH-wt detected with MAb 258 or MAb 206 ( Fig. 3C and D) was negligible, i.e., indistinguishable from untransfected controls (data not shown). Similar results were found with gH-Y835A ( Fig. 3E and F) and gH-S830stop (data not shown). In addition, no fusion was observed in any gH samples lacking gL. These results indicated that the mutations in the cytoplasmic tail did not confer upon gH the ability to transit the ER/Golgi in the absence of gL.
When gH-wtϩgE-cotransfected cells were assayed for cytoplasmic gH production, very low levels of an immature gH form were found in the cytoplasm (Fig. 3G ). When tested with MAb 206, gH in the gH-wtϩgE sample was detected in patches at the cell surface (Fig. 3H) . The results with endocytosis mutants gH-Y835A and gH-S830stopϩgE were similar to gHwtϩgE, in that low amounts of cytoplasmic gH were detected ( Fig. 3I and data not shown), along with patches on the surface (Fig. 3J and data not shown) . Thus, coexpression of gE with any of the four gH constructs led to the production of low levels of intracellular immature gH and patches of nonfusogenic gH at the plasma membrane.
Analysis of gH and gH؉gE surface expression. We continued our analysis by testing the surface expression of the gH endocytosis mutants in a manner similar to that performed in Fig. 3 . As a positive control, examples of gH surface expression and syncytial formation of gH-wtϩgL are shown in Fig. 4A and B. When expressed without gL, the gH-wt protein did not reach the surface (Fig. 4C and D) , i.e., staining levels were similar to that found with untransfected controls (data not shown). Similarly, in the absence of gL, gH-Y835A (Fig. 4E and F) and gH-S830stop (data not shown) were not detectable at the surface. When gH-wtϩgE surface expression was tested in unpermeabilized cells with MAb 258, the signal for immature gH was barely detectable at the cell surface (Fig. 4G) . Labeling of similarly transfected monolayers also revealed little to no mature gH, as defined by MAb 206 labeling, at the cell surface, with most of the fluorescent signal involved in patches or caps (Fig. 4H) . Labeling with MAb 258 produced similar results with gH-Y835AϩgE (Fig. 4I) and gH-S830stopϩgE (data not shown). Also, patches were observed when the endocytosis mutant was coexpressed with gE and tested with MAb 206 (Fig. 4J) . When taken together, these results indicated that the mutations induced in the cytoplasmic tail sequences of gH-Y835A and gH-S830stop did not bestow any new trafficking properties upon the mutants compared to gHwt.
Of note, the patches of gH on the cell surface were recognized by MAb 206, which binds an epitope on the mature and fusogenic form of gH, yet no fusion was observed in the gHwtϩgE-transfected cells. This result suggested that the form of gH in the patches, although still not fully mature, contains a partially recognizable B-cell epitope. This conclusion is reasonable since an MAb may recognize an incomplete conformational B-cell epitope, albeit with lower affinity.
Antibody-mediated inhibition of gH؉gL cell-to-cell fusion. MAb 206 inhibits cell-to-cell fusion in gHϩgL-transfected cells (11) . To ensure that the mutations induced in the cytoplasmic tails of gH-Y835A and gH-S830stop did not result in the formation of a novel fusogenic domain or otherwise alter the structure of gH so as to increase its fusogenicity, we tested whether or not overnight incubation with MAb 206 inhibited fusion mediated by the gH endocytosis-deficient proteins. In the absence of MAb 206, gH-Y835AϩgL induced the formation of syncytia (Fig. 5A) . In contrast, when MAb 206 was added to gH-Y835AϩgL-transfected cells (Fig. 5B) , cell-tocell fusion was blocked, and only single cells were found. Fig. 5B are two directly adjacent cotransfected cells, between which the intact plasma membrane was still visible. Similar results were observed with gH-S830stopϩgL transfected cells treated with MAb 206 overnight (Fig. 5C) . In data not shown, the addition of the anti-gE MAb 3B3 as a control demonstrated no inhibitory effect on cell-to-cell fusion.
Shown in
Endocytosis of gH-Y835A when coexpressed with gE or gB. VZV gE contains a functional YAGL endocytosis motif in its cytoplasmic tail (40) . We next sought to determine whether complex formation between gE and an endocytosis-deficient form of gH would lead to gH endocytosis. As a control experiment, we performed a cotransfection experiment with mutated gH and wild-type gB. VZV gB undergoes endocytosis via tyrosine-based motifs (22) but is not known to interact with gH.
Internalization of gH-Y835A when coexpressed with gE and gL was examined after 60 min of endocytosis (Fig. 6A) . Internalized gE was readily apparent after 60 min of endocytosis. In contrast to the negative results obtained with gH-Y835AϩgL (Fig. 1C) , gH endocytosis was observed when this mutant was coexpressed with both gL and gE. Merging of the red and green channels formed a yellow signal, a result which suggested that complex formation between gE and an endocytosis-deficient form of gH occurred at the plasma membrane and led to coendocytosis of the two glycoproteins. In contrast to the results with gE, coexpression of gB with gH-Y835AϩgL did not FIG. 6 . Coendocytosis of VZV gH-Y835A by gE but not gB. HeLa cells were infected with VV-T7 and then transfected as specified and processed for a 60-min endocytosis time point. (A) Cells transfected with gH-Y835A, gE, and gL and then labeled with murine MAb 3B3 for gE (red) and human MAb V3 for gH (green). (B) Cells transfected with gH-Y835A, gB, and gL, and labeled with murine MAb 158 for gB (red) and MAb V3 for gH (green). A merge of the red and green channels is shown in the rightmost panels.
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lead to endocytosis of gH, since gB was found in the cytoplasm in substantial amounts, whereas gH-Y835A was hardly detected (Fig. 6B) . The faint yellow signal may represent bulk membrane transport of small amounts of gH. Taken together, these results documented the specificity of the mutant gH:gE endocytosis event.
To further document the above interaction between VZV gE and gH, we tested whether precipitation of gH would coprecipitate gE from infected cells. This experiment was carried out first with mouse antibody reagents and then repeated with human MAb to gH. As shown in Fig. 7 , under both conditions a gE protein coprecipitated by a gH antibody was detected by a gE antibody. When only murine reagents were used, the heavy and light chains of mouse immunoglobulin G antibody also were detected, as expected (Fig. 7A) . These two bands were removable by stripping the membrane (Fig. 7B) . As a specificity control, we precipitated gB with a human MAb and immunoblotted with a mouse antibody to gH, but no gH band was detected (Fig. 7C) . The radioimmune precipitation profiles of the mouse and human antibody reagents to gH are shown as additional controls (Fig. 7D ), since these results have not previously been published under the experimental conditions used in the present study. One important negative control (lane 4) showed that anti-gH antibody did not precipitate gE in the absence of gH:gL proteins.
Statistical analysis of cell-to-cell fusion mediated by gH when coexpressed with gL and gE. The extent to which complex formation and coendocytosis of gH and gE at the plasma membrane were affecting the levels of gH-mediated fusion was assessed by repeating the syncytium-measuring assays, with HeLa cells transfected with gL and gE along with gH-wt, gHbt, gH-Y835A, or gH-S830stop. The samples were labeled with the anti-gE MAb 3B3 and the anti-gH MAb V3, along with the appropriate fluoroprobes. Only syncytia expressing both gH and gE were included in the point counting assay and the Kolmogorov-Smirnov analysis.
We first averaged our results in order to directly compare them to our initial gHϩgL results. Remarkably, the average sizes for all four transfection conditions were similar. For gHwtϩgLϩgE, the average syncytium size was 1,440 m 2 , whereas for gH-btϩgLϩgE the average was 1,462 m 2 . These results were similar to those obtained for gH-wtϩgL and gH-btϩgL. However, for gH-Y8345AϩgLϩgE and gH-S830stopϩgLϩ gE, the average sizes were 1,440 and 1,395 m 2 , respectively. The average syncytial sizes for the gH endocytosis mutants were markedly smaller than seen in the previous measurements. Analysis of the fusion data with the Kolmogorov-Smirnov test revealed that the sizes of syncytia induced under each of the four transfection conditions were similar. For each comparison, the P value obtained exceeded 0.05, which indicated that no one sample was significantly different from another (Fig. 8) .
Cell surface expression of gH in gH ؉gL-transfected cells. The simplest explanation for the increased fusion in cultures transfected with the gH endocytosis mutants was that endocytosis reduced the levels of gH cell surface expression. To determine whether the endocytosis-deficient but fusogenic gH mutants increased cell-to-cell fusion through increased surface density of gH, surface gH was biotinylated, immunoprecipitated, and then detected with streptavidin-HRP. When tested in this manner, the size and intensity of the band representing gH-wtϩgL (Fig. 9, lane 1) was visibly less than those bands observed for gH-Y835AϩgL (Fig. 9, lane 3) and gHY830stopϩgL (Fig. 9, lane 4) . Thus, when immunoprecipitated with MAb V3, we detected increased levels of surface expression with the gH endocytosis mutants.
It was noted that the band representing gH-btϩgL was less intense than that observed for gH-wtϩgL (lane 2). However, when the immunoprecipitation experiments were repeated with an epitope-tagged gL (gL.13.3B3) and anti-tag antibody, the result showed that the amount of precipitated gH-bt (as part of a gH:gL complex) was equivalent to gH-wt (data not shown). Thus, the diminished level of gH-bt was likely due to an incompletely formed gH conformational epitope. Subse- quently, the films generated from the assay were photographed over a light box; the bands were measured for intensity. The endocytosis-deficient forms of gH (Fig. 9 , lanes 3 and 4) had increased levels of intensity compared to the endocytosis-competent forms of gH (Fig. 9, lanes 1 and 2) , a finding consistent with a visual evaluation of the bands. Cell surface expression of gH in gH؉gL؉gE-transfected cells. The degree to which coexpression of gE with the gH endocytosis mutants tempered the levels of cell-to-cell fusion was next assessed. To this end, we repeated the surface biotinylation assay in HeLa cells transfected with the four forms of gH, along with gL and gE; biotinylated cell surface gH was immunoprecipitated with MAb V3. When examined visually, coexpression of gE with gHϩgL resulted in similar levels of gH surface expression for gH-wtϩgLϩgE (Fig. 9, lane 5) , gHY835AϩgLϩgE (lane 7), and gH-S830stopϩgLϩgE (lane 8).
As was found previously, the band for gH in the gH-btϩgLϩgE sample (lane 6) was again visually lower in intensity. When the four bands were measured with the Kodak 1D system, the intensities of the gH-wt, gH-Y835A, and gH-S830 stop samples were very similar, in accordance with the visual impression.
DISCUSSION
Based on the quantitative VZV fusion assay data acquired through highly statistically significant Kolmogorov-Smirnov analyses, a role for VZV gH endocytosis is proposed. The increased levels of fusion observed in the gH-Y835AϩgL and gH-S830stopϩgL transfected cells were markedly greater than the levels observed in gH-wtϩgL or gH-btϩgL samples. The latter group was endocytosis competent and displayed wildtype levels of cell-to-cell fusion. The former group, which included the two mutants gH-Y835A and gH-S830stop, was endocytosis deficient and exhibited increased levels of fusion. The former group also exhibited increased amounts of surface gH. Therefore, we conclude that gH endocytosis leads to decreased cell-to-cell fusion in association with decreased surface density of gH.
Endocytosis and fusion in different viral systems. Endocytosis is now recognized as a property of structural glycoproteins in several viral systems. The transmembrane (TM) protein of the retroviral Env complex contains a functional tyrosine-based endocytosis motif that facilitates internalization via clathrin- (46) . In turn, removal of the endocytosis signal in the SIV transmembrane domain increases cell-to-cell fusion and accelerates the kinetics of viral spread through increased surface expression (27, 46) . Similar motifs in related retroviral TM proteins regulate cell surface expression of the protein via endocytosis (3, 4, 9, 46) . Likewise, resistance of cell lines to human T-cell leukemia virus type 1 syncytium formation is overcome by truncation of the human T-cell leukemia virus TM glycoprotein by eight amino acids (25) . Interestingly, the truncation interrupts a tyrosine-based endocytosis motif near the C terminus of the TM cytoplasmic tail. In studies with equine infectious anemia virus, a novel cytolytic strain has been described recently, which also has enhanced spread and fusion properties (31) . When the proviral genome was sequenced, a stop codon was detected in the Env gene. This mutation would result in a glycoprotein with a complete ectodomain and transmembrane domain but a markedly shortened endodomain. In addition to the retroviruses, another example of a possible relationship between fusion and glycoprotein trafficking is found in the measles virus (33) .
Finally, endocytosis and fusion has been investigated in HSV containing mutated forms of gB (12) . HSV gB contains one dileucine-and two tyrosine-based endocytosis motifs. Numerous HSV syn mutations are localized to the C-terminal domain of gB (2, 5, 14, 37, 49) . Removal of the C-terminal tyrosine motif of HSV-2 gB (867-YSPL-870) by truncation confers a syncytial phenotype with no effect on virus-to-cell fusion during entry (12) . With regard to VZV gB, the dileucine motif in VZV gB (841-LL-842) is not required for endocytosis, whereas the C-terminal tyrosine based motif (857-YSRV-860) is most critical (22) . Further obfuscating the matter, truncation of VZV gB by 36 amino acids in a VZV recombinant virus induces the formation of extensive syncytia, whereas the mutant gB still undergoes endocytosis via a third tyrosine-based endocytosis motif (818-YMTL-821) (21) . To summarize, because of the complexity of their three endocytosis motifs, more detailed investigations of trafficking with mutated gB proteins (HSV or VZV) are required in order to determine the precise relationship of gB endocytosis to cell surface expression and cell-to-cell fusion.
Other amino acid residues involved in fusion. Both HSV-1 and HSV-2 gH lack any known endocytosis motif in their endodomain (42) . However, other amino acids in the cytoplasmic tail and transmembrane domain of HSV-1 gH have been implicated in cell-to-cell fusion (51) . Specifically, mutagenesis studies of a serine-valine-proline sequence in the HSV-1 tail indicate a role for this tripeptide in cell-to-cell fusion. Deletion of this motif in HSV recombinant viruses results in decreased entry and syncytium formation (51) .
A second HSV-1 study has revealed a transmembrane domain glycine residue that is critical for fusion function and is common to alphaherpesvirus gH homologues (18) . A fusion role for this intramembrane glycine was first demonstrated in the vesicular stomatitis virus G glycoprotein and the influenza virus hemagglutinin (6, 32) . This conserved glycine residue is found in HSV-1, HSV-2, VZV, pseudorabies virus, equine herpesvirus, and bovine herpesvirus. Mutation of a glycine residue (G812) centrally located in the HSV-1 gH transmembrane domain abolishes gH-mediated fusion (18) .
Interaction of VZV gE with gH and subsequent fusion. In contrast to other alphaherpesviruses, VZV gE is the predominant viral glycoprotein in infected cells. Although gE is often found in a gE:gI complex, dimers and trimers of gE have also been detected (7, 16) . Neither gE nor the gE:gI complex is fusogenic. In cited studies, we demonstrated that gE and gI harbored tyrosine-and dileucine-based internalization motifs, respectively. VZV gE navigates a complicated series of trafficking pathways postendocytosis, which include both recycling to the cell surface and traveling to the trans-Golgi network (24) . Phosphorylation of a cluster of serine/threonine residues in the gE cytoplasmic tail by casein kinase II and the ORF47 protein serine kinase (HSV-1 UL13 homolog) determines which pathway is taken (24) . In addition, under transfection conditions, complex formation between gE and gI can mediate the internalization of a gI endocytosis mutant (39) .
In a similar manner, we have now shown under transfection conditions that gE can form a complex with gH and facilitate internalization of endocytosis-deficient gH mutant proteins from the cell surface. We previously demonstrated that gE can mediate gL-independent trafficking of an immature gH from the ER/Golgi to the plasma membrane (11) . The specificity of the gHϩgE interaction during endocytosis was confirmed by cotransfection of gB with the gH-Y835A. In contrast to the gEϩgH interaction, little or no endocytosis of gH was observed when it was cotransfected with gB. The latter studies may further expand the properties of VZV gE (16) . For example, even though the short cytoplasmic tail of gH is now known to contain a functional endocytosis motif, it does not contain other trafficking motifs found in gE, such as a phosphorylation site or an acidic TGN targeting sequence (24, 53, 55, 56) . Therefore, a gE:gH complex (or a gH:gL:gE complex) would likely be shuttled via a different cytoplasmic pathway than the gH:gL complex after internalization. Further experiments will also need to be carried out in the context of a recombinant virus with mutated gE and gH glycoproteins.
